Background: To determine if adiponectin levels are associated with weight loss, low muscle mass, and physical functioning among the elderly and to determine independent associations with incident disability and death. Methods: Included were 3,044 participants from the Health, Aging and Body Composition Study, who had whole-body dual energy absorptiometry performed to evaluate appendicular lean mass index (ALMI, kg/m 2 ) and fat mass index (FMI, kg/m
healthy young individuals, greater adiponectin levels have been shown to correlate with better long-term cardiovascular outcomes (5, 6) . A direct and causal protective role of adiponectin with cardiovascular disease has not been confirmed.
A number of studies have demonstrated that higher adiponectin levels are paradoxically associated with an increased risk of premature death among chronic inflammatory conditions including chronic heart failure and end-stage renal disease (7) (8) (9) . A previous study in the Healthy Aging and Body Composition Study demonstrated that higher adiponectin levels were associated with an increased risk of premature death among the elderly independent of other cardiovascular risk factors (10) .
In general, adiponectin shows inverse associations with adverse outcomes in healthy middle-aged populations. The opposite is observed in cohorts with prevalent cardiovascular disease, heart failure, or advanced age, whereas higher levels are associated with greater risk (7) (8) (9) 11) . A recent study among older individuals demonstrated that both the highest and lowest levels are associated with greater cardiovascular risk (12) . Cachexia or sarcopenia related to aging, chronic inflammation, and illness may explain these paradoxical epidemiological associations between adiponectin and higher mortality in these populations. In support of this hypothesis, greater adiponectin levels have been observed among individuals with evidence of weight loss, cachexia, and poor physical functioning (13) (14) (15) (16) (17) (18) .
We hypothesized that high adiponectin levels among the elderly are correlated with low body mass index (BMI), low fat mass and low lean mass, poor muscle quality, a history of weight loss, poor physical functioning, and greater risk of incident disability and death. We evaluated independent associations between adiponectin levels and body composition, physical functioning, incident disability, and mortality in the Healthy Aging and Body Composition Study.
Methods

Study Setting
Participants were enrolled in the Health, Aging and Body Composition (Health ABC) study, a prospective observational study of 3,075 well-functioning, community-dwelling older adults aged 70-79 years. Study participants were recruited from a random sample of White and Black Medicare beneficiaries living in Pittsburgh, PA and Memphis, TN that were within a 1 hour drive of the examination sites. All individuals with adiponectin levels and whole-body x-ray absorptiometry (DXA) results available at enrollment were included in this analysis (N = 2,821).
Measures of body composition
Whole body dual-energy DXA was performed at both the Pittsburgh and the Memphis field centers (Hologic 4500A, version 9.03; Hologic, Inc., Waltham, MA, USA). In addition, bone mineral-free ALM and fat mass were derived from the whole body scan. DXA quality assurance measurements were performed at both study sites to ensure scanner reliability, and identical patient scan protocols were used for all participants. For soft tissue, the CVs were 1.0 and 2.1 per cent for whole-body lean mass and fat mass, respectively. Total fat mass index (FMI) and appendicular lean mass index (ALMI) were determined from whole-body DXA and converted to age-, sex-, and race-specific Z-scores as described previously (19) using published nationally representative reference ranges from the National Health and Nutrition Examination Survey (NHANES) (20) .
Computed tomography scans of the thighs were obtained at baseline (in Pittsburgh, 9800 Advantage from General Electric, Milwaukee, WI; in Memphis, Somatom Plus 4 from Siemens, Erlangen, Germany, or PQ 2000S, Marconi Medical Systems, Cleveland, OH). A 10-mm-thick axial image (120 kVp, 200-250 mA) was obtained at midfemur. A line was drawn manually along the deep fascial plane surrounding the thigh muscles to distinguish muscle from surrounding subcutaneous adipose tissue, and the femur was segmented out of the muscle. Fat infiltration of muscle was assessed in Hounsfield units (HU, a measure of x-ray attenuation), with lower HU reflecting more fat infiltration. This measurement correlates with muscle triglyceride content determined by histological oil red O staining, and the mean test-retest coefficient of variation in a previous study was 0.51 per cent (21) . This analysis used the average muscle density between the two thighs.
Measurement of adiponectin
Samples were drawn at the baseline visit after an overnight fast. Serum samples were frozen at −70°C and stored at McKesson BioServices, Rockville, MD. Adiponectin was assayed in 2002-2003 from frozen serum samples (acquired 7 years prior). Total circulating levels of adiponectin (ng/mL) were measured in duplicate by radioimmuno assay (RAI; Linco Research, St. Charles, MO) with an intraassay coefficient of variation of 1.8%-3.6%.
Physical performance and disability measures
Health ABC performance battery (22, 23) Details have been previously described (23) . In brief, this battery includes five repeated chair stands, progressively more challenging tests of standing balance, a 6 m walk to determine usual gait speed, and a narrow walk in which participants are instructed to talk between lines of colored tape 20 cm apart at their usual pace. Performance is divided by the maximum possible performance for older adults on each test to create ratio scores that are summed for the four tests to obtain a continuous scale ranging from 0 to 4, with a lower score indicating poorer function.
Long-distance corridor walk (LDCW; 400 M walk)
This is a two-stage, self-paced walking test that was designed to measure cardiorespiratory fitness longitudinally in an initially wellfunctioning cohort of 70 years old (24) . The measure is prognostic of greater disability and mortality (25) . The first stage consisted of a 2 minutes warm-up walk, in which distance was recorded and the first 20 m was timed. This stage also served as a stepped-down test for persons unable to walk for a longer period. The second stage consisted of a 400 m walk, which is about the distance an average health older adult can cover in 6 minutes. Participants were asked to walk 400 m as quickly as possible at a pace that they can maintain. Standard encouragement was given throughout the test and time was recorded to the nearest second. A significant proportion of participants were unable to complete the test (24 per cent) at baseline, and therefore, we determined associations with inability to complete the 400 m walk as a measure of mobility disability as defined previously (26) .
Grip strength (27) Isometric grip strength in (kg) was measured using a hand-held dynamometer (JAMAR Technologies, Inc., Hatfield, PA). Two trials were performed for each hand. An average of the trials performed on the strongest hand was used for analyses as has previously been described (27) .
Incident disability (28, 29) We also analyzed adjudicated self-report data on incident physical disability from interviewer-administered questionnaires every 6 months. For incident disability, the outcome of interest was time from baseline to any self-reported disability at a subsequent visit, which was defined as severe difficulty or inability to walk 1/4 mile and/or climb 10 steps, needing equipment to ambulate, or having any difficulty performing activities of daily living (i.e. getting in and out of bed or chairs, bathing or showering, and dressing).
All-cause mortality
Time of death was determined from the adjudicated outcomes data set. All deaths are adjudicated by a central committee for immediate and underlying causes of death as determined by established criteria including review of death certificate, all recent hospital records, and interview with the next of kin.
Assessment of a history of weight loss
At enrollment, study participants were asked about their weight at 50 years of age. This weight was converted to a BMI based on current height and the change in BMI from age 50 to enrollment was calculated. Three categories of per cent weight loss were assessed (none, 5%-10%, or ≥10%) as has been previously described (30) . 
Statistical analysis
Adiponectin levels were log-transformed to fit a normal distribution and then standardized so that associations demonstrated represent the effect of one standard deviation greater level. Univariate associations between adiponectin and prehypothesized factors were assessed using Spearman and Pearson correlations. Factors hypothesized to be important included demographics, comorbid conditions (hypertension, congestive heart failure, diabetes, history of heart attack, and history of cancer), FMI Z-score, ALMI Z-score, muscle density, weight change since age 50, grip strength, the Health ABC performance score, and completion of the LDCW. Multivariable linear regression was utilized to identify independent associations between factors identified in univariate analysis and adiponectin levels. Independent associations between adiponectin and muscle outcomes were also assessed using multivariable linear regression with adjustment for prehypothesized factors, including total FMI Z-score, waist circumference, demographics, smoking status, and comorbid conditions. Independent associations between adiponectin and physical functioning measures were assessed in successive models to assess the impact of adjustment for body composition. Similarly, successive multivariable Cox proportional hazards models assessed the impact of adjustment for body composition on the association between adiponectin and incident disability and overall mortality.
In all analyses, testing for effect modification by sex was performed by testing the significance of multiplicative interaction terms in multivariable models. Stratified analyses by sex are provided in Supplementary Tables 1-6 .
Results
The details of the study population have been previously published. We included 2,821 individuals (1,374 men and 1,447 women) out of the total 3,075 who had whole-body DXA and adiponectin values recorded. The basic characteristics of the population are presented in Table 1 .
Factors Associated With Adiponectin Levels
Associations between baseline factors and log-transformed adiponectin levels (per SD) are presented in Table 2 . Greater FMI Z-score, waist circumference, ALMI Z-score, and muscle density were all independently associated with lower adiponectin levels. Better physical functioning was also independently associated with lower adiponectin levels. An increase in BMI (per 1 kg/m 2 ) since age 50 was associated with lower adiponectin levels independent of current body composition. Per cent weight loss (5 or 10 per cent) was associated with higher adiponectin levels across all weight categories in models adjusting for age, sex, and race ( Figure 1 ).
Association of Adiponectin With Physical Functioning
Adiponectin was inversely associated with physical functioning as measured by the Health ABC performance score, ability to complete the 400 m walk, and grip strength independent of demographics and comorbid conditions (Table 3 , Model 1). These associations were substantially attenuated for all three outcomes with adjustment for FMI Z-score and waist circumference (Table 3 , Model 2). Further adjustment for ALMI Z-score, muscle density, and a history of weight loss further attenuated these associations. After adjustment for these factors, adiponectin remained modestly associated only with the Health ABC performance score (Table 3 , Model 3), whereas other associations were no longer significant. There were no significant interactions by sex (all p for interactions > 0.08).
Association of Adiponectin With Incident Disability and Death
Incident disability occurred in 2,296 participants among whom the median time-to-event was 3.0 years. Higher adiponectin level was associated with a greater risk of incident disability after adjustment for demographic factors, comorbidities, FMI Z-score, and waist circumference (Table 4 , Model 1). This association was substantially attenuated when further adjusting for ALMI Z-score, muscle density, and history of weight loss at baseline (Table 4 , Model 2). Adjustment for physical functioning at baseline also further attenuated the already tenuous relationship (Table 4 , Model 3). The association between adiponectin and incident disability was not different between men and women (p for interaction = .64 in adjusted models).
There were 1,370 deaths among whom the median time-to-event was 7.5 years. Greater adiponectin levels (per SD) were associated with greater mortality in models adjusting for FMI Z-scores, waist circumference, comorbid conditions, demographic variables, and smoking [HR 1.17 (1.10, 1.25), p < .001; Table 4 , Model 1]. Similar to models evaluating associations with incident disability, the association between adiponectin and mortality was attenuated and no longer significant in sequential models adjusting for body composition, muscle density, weight loss, and physical functioning at baseline [HR 1.05 (0.97, 1.13) p = .26; Table 4 , Model 3]. The predicted survival was shorter for individuals in the highest adiponectin quartile when adjusting for FMI Z-score and waist circumference only (Figure 2A ). In contrast, there was no apparent difference in predicted survival by adiponectin quartile after full adjustment for all mediators, including lean mass, muscle density, weight loss, strength, and physical functioning ( Figure 2B ). The association between adiponectin and mortality was not different between men and women (p for interaction = .46 in adjusted models).
Discussion
We found a significant relationship between serum levels of adiponectin and historical weight loss, low muscle mass, and low muscle density. Thus, the data presented here support the hypothesis that adiponectin is a biomarker of adverse body composition in the context of aging. Weight loss and loss of muscle mass and quality with aging and chronic illness may explain previously noted epidemiological associations observed between adiponectin, poor physical functioning, and death among the elderly. Thus, these data suggest that, while adiponectin is not likely to play a causal role, it may be an important biomarker of these processes, which themselves affect the long-term risk of disability and mortality.
Adiponectin may represent biomarker of adverse catabolic processes related to features of frailty. Although the analyses presented here do not suggest that adiponectin plays a directly causal role in promoting disability and premature death, the role of adiponectin as a biomarker and prognostic tool is clarified. Previous studies have demonstrated that adiponectin is associated strongly with weight loss. For example, patients undergoing bariatric surgery have dramatic increases in adiponectin. The greater levels observed in this group are substantially higher than controls who may weigh less, but have not lost weight (1). The current study supports the hypothesis that adiponectin levels are influenced by both weight and weight loss. Among the elderly, weight loss that occurs is more likely to be unintentional (32-34) . Therefore, adiponectin may identify unintentional weight loss and catabolic processes associated with the development of sarcopenia or cachexia. Other studies have shown correlations between adiponectin and cachexia in chronic conditions (congestive heart failure, kidney disease, rheumatoid arthritis) (8, 9, 16) . Previous studies have also identified associations between adiponectin and mortality in chronic conditions (7) (8) (9) . Our study is one of few studies to evaluate associations between adiponectin and physical functioning and muscle strength among the elderly. One previous study demonstrated that adiponectin tracked with functional decline among the elderly (18) . The current study does not suggest a causal relationship between adiponectin and physical functioning among the elderly. However, these data do support the hypothesis that high adiponectin levels are a marker of body composition changes that may, themselves, be associated with poor physical functioning. Adiponectin might be a useful and inexpensive clinical biomarker to help us identify elderly patients with weight loss, altered body composition, disability, and greater mortality risk.
Adiponectin plays a role in coordinating energy utilization, particularly in the setting of starvation, as it is thought to be important in promoting lipid oxidation and regulating glucose metabolism (4, 35) . In the setting of unintentional weight loss due to aging or cachexia, observed elevations in adiponectin are likely to represent normal compensatory response to low energy availability as in the setting of starvation. This will explain why higher adiponectin levels may be paradoxically associated with either better or more adverse outcomes in different clinical contexts.
Limitations of the current study include the lack of longitudinal measures of adiponectin which might clarify the nature of the relationship weight, body composition changes, and changes in the adipokine. Adiponectin exists in a number of forms with different physiological functions. Because this study only included total adiponectin levels, we were unable to characterize relationships between these different forms. In addition, other adipokines may also be important and were not assessed here. Although this study focused on an at-risk group of elderly patients, this study was unable to evaluate differences in association across the age range. Finally, although we studied a number of hypothesized confounders, unmeasured confounding may still be present. For example, it was out of the scope of the current analysis to evaluate the effects of medications on adiponectin. Strengths of the current study include the large sample size in an at-risk population, highly validated estimates of body composition, assessment of weight histories, and comprehensive assessment of physical functioning and grip strength.
In summary, high adiponectin levels in the elderly are associated with incident disability and early death. However, this relationship is explained as an association between adiponectin and low muscle mass and quality, weight loss, and baseline physical function. Adiponectin may therefore represent a biomarker of adverse catabolic processes among the elderly (i.e. cachexia and sarcopenia). 
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